Although phthiocerol dimycocerosates (DIM) are major virulence factors of Mycobacterium tuberculosis (Mtb), the causative agent of human tuberculosis, little is known about their mechanism of action. Localized in the outer membrane of mycobacterial pathogens, DIM are predicted to interact with host cell membranes. Interaction with eukaryotic membranes is a property shared with another virulence factor of Mtb, the early secretory antigenic target EsxA (also known as ESAT-6). This small protein, which is secreted by the type VII secretion system ESX-1 (T7SS/ ESX-1), is involved in phagosomal rupture and cell death induced by virulent mycobacteria inside host phagocytes. In this work, by the use of several knock-out or knock-in mutants of Mtb or Mycobacterium bovis BCG strains and different cell biological assays, we present conclusive evidence that ESX-1 and DIM act in concert to induce phagosomal membrane damage and rupture in infected macrophages, ultimately leading to host cell apoptosis. These results identify an as yet unknown function for DIM in the infection process and open up a new research field for the study of the interaction of lipid and protein virulence factors of Mtb.
| INTRODUCTION
Mycobacterium tuberculosis (Mtb) is the causative agent of human tuberculosis. The ability of Mtb to infect and persist in its host is linked to multiple factors, one of which is certainly the mycobacterial cell envelope, which is unique both in its molecular composition and in the architectural arrangement of its constituents. This barrier is constituted of a classic inner membrane and an outer membrane, whose existence was confirmed by cryo-electron microscopy (Hoffmann, Leis, Niederweis, Plitzko, & Engelhardt, 2008; Zuber et al., 2008) . The outer membrane is mainly composed of mycolates and a set of noncovalently bound lipids that may include sulfatides, acyltrehaloses, trehalose mycolates, phosphatidyl-myo-inositol mannosides, and phthiocerol dimycocerosates and is surrounded by a capsule (Daffe, Crick, & Jackson, 2014; Kaur, Guerin, Skovierova, Brennan, & Jackson, 2009) . Among the extractable lipids, phthiocerol dimycocerosates, referred to as PDM (Brennan & Nikaido, 1995) , DIM (Camacho, Ensergueix, Perez, Gicquel, & Guilhot, 1999) Ferreras, & Quadri, 2005) have only been found in a few slowgrowing, pathogenic mycobacterial species (Brennan & Nikaido, 1995) .
Virulence studies in animal models have revealed that phthiocerol dimycocerosates, hereafter termed DIM are required for the multiplication of bacteria during the acute phase of infection (Cambier et al., 2014; Cox et al., 1999) . This finding is in agreement with the genetic organization of the specific, more than 50 kb-spanning genomic DIM synthesis locus of slow-growing mycobacteria that contains the ppsABCDE gene cluster, encoding phenolpthiocerol synthesis type-I polyketide synthases, upstream of the mas gene, encoding a multifunctional mycocerosic acid synthase, and the mmpL7 gene, encoding a lipid transporter essential for DIM transport to the outer cell envelope (Cole et al., 1998; Guilhot, Chalut, & Daffe, 2008) . DIM are also involved in the resistance of tubercle bacilli to detergent (Camacho et al., 1999; Simeone, Constant, Guilhot, Daffe, & Chalut, 2007) , a feature related to the cell envelope solidity (Ates et al., 2015; Camacho et al., 2001 ).
Historically, the only well-established function for these specific lipids was described as a structural support for the mycobacterial cell envelope but recent progress indicates that DIM also contribute to modulation of the protective host immune responses, specifically during the early steps of infection when the bacilli encounter host macrophages (Astarie-Dequeker et al., 2009; Cambier et al., 2014; Passemar et al., 2014; Rousseau et al., 2004) . For instance, DIM enhance the efficiency of Mtb to invade macrophages by strengthening the bacterial interaction with host cell phagocytic receptors (Astarie-Dequeker et al., 2009 ). DIM also favor intracellular bacterial replication through arrest of phagosomal acidification by excluding the vacuolar proton-ATPase from the phagosomal membrane (Astarie-Dequeker et al., 2009; Passemar et al., 2014) . Finally, DIM-deficient mutants of Mtb are defective in their capacity to provoke death of macrophages (Passemar et al., 2014) , a process usually associated with a loss of membrane integrity, which can eventually be repaired by the cells. For the moment, the exact molecular mechanism involved in DIM activity still remains elusive, probably because of the highly hydrophobic nature of these lipids and the inherent difficulties of working with them. Nonetheless, it was recently reported that Mtb interacts with human macrophages in a manner that induces changes in host membrane fluidity, provided that DIM are present at the bacterial surface (Astarie-Dequeker et al., 2009 ). Moreover, the incorporation of DIM into model liposomes was found to decrease their membrane fluidity (Astarie-Dequeker et al., 2009 ). These findings led us to propose a model in which DIM induce a modification of the physical state of the host membrane, and hence, influence in a global way many processes taking place at the membrane level (Arbues, Lugo-Villarino, Neyrolles, Guilhot, & Astarie-Dequeker, 2014 ).
Interestingly, alterations of host cell membrane during Mtb infection require another major bacterial factor, the 6-kDa early secreted antigenic target (ESAT-6), also known as EsxA, a key effector of the ESX-1 type VII secretion system (ESX-1/T7SS). Of note, the ESX-1 system, similar to DIM, was suggested to be implicated in preventing phagosomal maturation (Tan, Lee, Alexander, Grinstein, & Liu, 2006; MacGurn & Cox, 2007) membrane-affecting feature of the ESX-1 system, and EsxA, is associated with the induction of membrane damage and phagosomal rupture (Simeone et al., 2012; Wong & Jacobs, 2011) . EsxA has been predicted to insert into membranes and to lyse lipid bilayers, liposomes, and biological membranes by an as yet unknown mechanism (de Jonge et al., 2007; Gao et al., 2004; Hsu et al., 2003; Ma, Keil, & Sun, 2015; Peng & Sun, 2016) , although a most recent study suggests that the process of ESX-1-mediated membrane disruption is contact-dependent and more complex than thought (Conrad et al., 2017) . It remains therefore of importance to identify the potential players responsible for the reported membrane-lysing activity of Mtb that represents an essential step for establishing contact with the host cytosol (Houben et al., 2012; Simeone et al., 2012; Simeone et al., 2015; van der Wel et al., 2007; Wong & Jacobs, 2011) .
Indeed, cytosolic access of mycobacteria has been described as a key element in the host-pathogen interaction, involving a complex cascade of innate immune signalling that leads to production of type I interferons, inflammasome activation, and secretion of interleukins IL-1β and IL-18 (for review, see Gröschel, Sayes, Simeone, Majlessi, & Brosch, 2016) .
Taken together, these data prompted us to examine whether two of the key pathogenicity determinants of Mtb, the cell wall lipids, DIM, and the secreted mycobacterial protein, EsxA, might act in concert to circumvent innate host defences. We thus have investigated the intracellular behaviour of various mutant strains lacking DIM and EsxA functions in different cellular infection models. We employed two independent techniques that have successfully been adapted to study phagosomal membrane damage in Mtb-infected phagocytes, the first using monoclonal antibodies against Galectin-3 and ubiquitinated proteins for identification of damaged phagosomal-membranes Ray et al., 2010; Wong & Jacobs, 2011) and the second using a betalactamase-driven Fluorescence Resonance Energy Transfer (FRET) screen for detection of phagosomal rupture and cytosolic access of bacteria (Simeone et al., 2012; . Our results clearly demonstrate that the presence of DIM at the mycobacterial cell surface is critical for phagosomal rupture and host cell apoptosis and strongly strengthen the proposal that DIM are required for optimal ESX-1 activities.
2 | RESULTS 2.1 | Mtb mutants lacking DIM are unable to induce phagosomal membrane damage and rupture in human macrophages Using EsxA-deficient Mtb mutants that had lost their ability to induce accumulation of ubiquitinated proteins and galectin-3 as markers of phagosomal membrane damage, Wong and Jacobs recently proposed that EsxA contributes to destabilize the phagosomal membranes in infected THP-1 cells (Wong & Jacobs, 2011) . We used a similar strategy for exploring whether DIM also contributed to the phagosomal membrane damage in Mtb-infected human monocyte-derived macrophages (hMDMs). First, hMDMs were infected at a multiplicity of infection (MOI) of 10:1 either with the Mtb strain H37Rv wild-type (WT) or the DIM-deficient isogenic H37Rv mutant in which the mas gene encoding a mycocerosic acid synthase involved in DIM synthesis (Azad, Sirakova, Rogers, & Kolattukudy, 1996) has been deleted (H37RvΔmas , Table S1 ). At 72-hr postinfection (p.i.), we found that a fraction of intracellular H37Rv were surrounded by galectin-3 and ubiquitinated proteins ( To ascertain that the absence of phagosomal damage markers in cells infected with H37RvΔmas was due to the loss of DIM, the mutant was complemented with the integrative plasmid pMAS3, carrying a DNA region covering the mas gene (Table S1 ). This complementation reconstituted the ability of the resulting strain to produce DIM ( Figure S1a ) and fully rescued the WT phenotype of phagosomal membrane damage (Figure 1b-c) . This finding suggested that DIM are required to destabilize membranes of phagosomes containing Mtb. Next, we examined whether another lipid virulence factor, known as sulpholipids (SL; Converse et al., 2003; Passemar et al., 2014) acted in the same way. Because DIM are dominant lipid virulence factors, we took advantage of a recombinant H37Rv mutant harbouring multiple deletions in genes involved in the biosynthesis of cell wall lipids, to test the implication of SL independently of DIM (Passemar et al., 2014) . As shown on Figure 1d , the DIM-and SL-deficient H37RvΔppse,Δpks2 mutant has lost the ability to recruit galectin-3 and ubiquitinated proteins when compared to WT H37Rv. The transformation of the DIM-and SL-deficient mutant with a plasmid carrying a functional ppsE gene restored the production of DIM in the corresponding strain H37RvΔppsE,Δpks2::ppsE ( Figure S1b ) and rescued the phagosomal damage phenotype of H37Rv (Figure 1d ), corroborating the results shown in Figure 1b -c. On the contrary, the complementation of H37RvΔppsE,Δpks2 with the cosmid CIE526 carrying the SL gene cluster (Table S1 ) rescued the production of SL in H37RvΔppsE,Δpks2::pks2 ( Figure S1b ) but did not lead to phagosomal damage (Figure 1d ), suggesting that in contrast to DIM, SL were not involved in the process.
To further establish the contribution of DIM in phagosomal membrane damage and eventual rupture, we applied our recently developed FRET-based phagosomal rupture assay, which is exploiting the changes in the fluorescence spectrum from green to blue caused by mycobacterial ß-lactamase-mediated cleavage of coumarin-cephalosporin-fluorescein (CCF-4) upon mycobacterial cytosolic contact. For these experiments, human THP-1 macrophage-like cells were employed, which were used with success to study mycobacteria-induced phagosomal rupture (Simeone et al., 2012; Simeone et al., 2015) . We analyzed the intracellular behaviour of various DIM-proficient and DIM-deficient recombinant H37Rv strains compared to the H37Rv parental strain as a positive control and an H37RvΔESX-1 mutant as a negative control (Hsu et al., 2003; Simeone et al., 2012) . As shown in Figure 2a -b, the DIMdeficient H37RvΔppsE,Δpks2 showed no green to blue shift at 72-hr and 144-hr p.i. in three independent experiments, indicating that this strain was unable to establish cytosolic contact and remained in an intact phago-vacuole throughout the experimental period (144-hr p.i.), similar to the H37RvΔESX-1 negative control.
In contrast, the complementation of H37RvΔppsE,Δpks2, with a vector that restored the production of DIM, fully complemented the ability of the resulting recombinant strain H37RvΔppsE,Δpks2::ppsE to cause phagosomal rupture in THP-1 cells (Figure 2a On the other hand, we have observed that restriction of phagosomal acidification was a prerequisite for mycobacterial phagosomal rupture and cytosolic contact . We thus sought to investigate whether the absence of phagosomal membrane damage observed with DIM-deficient Mtb mutants was linked to their inability to control the acidification of the phagosomal lumen.
For this, we pretreated hMDMs with the specific proton-ATPase inhibitor bafilomycin A1, a procedure that prevents acidification of phagosomes containing DIM-deficient Mtb mutants (Passemar et al., 2014) . Next, we examined whether treatment with bafilomycin A1 was able to compensate the defect of DIM-deficient Mtb mutants to provoke phagosomal damage. At 72-hr p.i., we observed that bafilomycin A1 treatment enhanced phagosomal membrane damage induced by both H37Rv and the DIM-deficient H37RvΔmas (Figure 3a-b) . This confirms that prevention of phagosomal acidification is a prerequisite for phagosomal membrane damage in macrophages infected with Mtb .
However, bafilomycin A1 treatment did not abolish the differences in response between H37Rv and H37RvΔmas, at 72-hr p.i. and beyond, up to 144-hr p.i. (Figure 3a-b) . A similar tendency was observed with the (DIM and SL)-deficient H37RvΔppsE,Δpks2
( Figure S2a ). Importantly, bafilomycin A1 treatment restored the growth capacity of a DIM-deficient mutant inside the host cells, approaching that of the WT H37Rv (Figure 3b and Figure S2b ) as described (Passemar et al., 2014) . Thus, the observed differences in the ability of WT and DIM-deficient Mtb strains to affect . The values reported are the mean ± SEM of three to four independent experiments. The significance of difference between strains was evaluated; *p < .05, **p < .01. DIM = phthiocerol dimycocerosates; GFP = green fluorescent protein; hMDMs = human monocyte-derived macrophages; MOI = multiplicity of infection; Mtb = Mycobacterium tuberculosis; n.s. = non-significant 2.3 | The loss of DIM is accompanied by a decrease in the ability of EsxA to induce phagosomal membrane damage
A previous study has established that phagosomal membrane damage is mediated by the ESX-1 system and requires the membranolytic activity of EsxA (Wong & Jacobs, 2011) . To verify the activity of EsxA under our experimental conditions, we constructed an EsxA-deficient mutant in the same genetic background as the DIM-deficient mutant, that is, the Mtb H37Rv Pasteur strain (Table S1 and Figure S3a ). As expected, the resulting H37RvΔesxA no longer caused recruitment of galectin-3 and ubiquitinated proteins to phagosomes at 144-hr p.i. (Figure 4a ). Complementation with the plasmid pMV361 derivative containing the esxB and esxA genes (Table S1 ) reconstituted the ability of H37RvΔesxA::esxA to secrete EsxA ( Figure S3a ) and to accumulate markers around their phagosomes ( Figure 4a ). These data confirmed that EsxA by itself is critical to destabilize phagosomal membranes. Nonetheless, EsxAdeficient H37RvΔesxA displayed the same defect in phagosomal membrane damage as a DIM-deficient H37RvΔmas, (Figure 4a ).
Thus, the destabilization of phagosomal membranes by H37Rv apparently required the presence of both DIM and EsxA. This prompted us to examine the impact of single and double deficiency in DIM and EsxA.
FIGURE 4 Deficiency in DIM affects the capacity of ESX-1-proficient mycobacterial strains to induce membrane damage in hMDMs. The cells were infected for 1 hr with GFP-expressing WT and recombinant mycobacterial strains at MOI 2:1. At 144-hr p.i., hMDMs were fixed, immunostained with mAbs against galectin-3 and ubiquinated proteins (FK2) and examined by fluorescence microscopy. (a) hMDMs were infected with H37Rv, DIM-deficient mutant, EsxA-deficient mutant and the corresponding complemented strain. (b) hMDMs were infected with M. bovis BCG Pasteur and the recombinant strains expressing different combinations of DIM and ESX-1. For each marker, the percentage of infected hMDMs having at least one positively stained phagosome was determined. The values reported are the mean ± SEM of three to five independent experiments. The significance of difference between strains was evaluated; *p < .05, **p < .01. BCG = Bacillus Calmette-Guérin; DIM = phthiocerol dimycocerosates; GFP = green fluorescent protein; hMDMs = human monocyte-derived macrophages; MOI = multiplicity of infection; n.s. = nonsignificant; WT = wild-type
We took advantage of the Mycobacterium bovis Bacillus Calmette-Guérin (BCG) vaccine strain, which naturally lacks the ESX-1 secretion system, to produce a BCGΔmas mutant doubly deficient in DIM and EsxA. ESX-1 complementation of DIM-proficient BCG WT or the isogenic DIM-deficient BCGΔmas mutant was obtained by integrating into the attB site the 2F9 integrating cosmid containing the extended region of difference 1 (RD1) from Mtb (Table S1 ), which was used to restore EsxA secretion in BCG::
ESX-1 Pasteur (Pym, Brodin, Brosch, Huerre, & Cole, 2002 , Simeone et al., 2012 . The generated BCG Pasteur recombinant strains were DIM-proficient or DIM-deficient and both secreted EsxA ( Figure S3a ). This collection of mutants was then put in contact with hMDMs at MOI 2:1 for 1 hr and their capacity to induce phagosomal membrane damage was compared at 144-hr p.i. First, we confirmed that ESX-1 is essential to destabilize phagosomal membranes. Indeed, ESX-1 complementation conferred to both DIM-proficient and DIM-deficient BCG some capacity of recruiting galectin-3 and ubiquitinated proteins when compared to isogenic ESX-1-deficient parental strains, which were totally inefficient ( Figure 4b ). However, we observed that DIM-proficient BCG::ESX-1 strains recruited markers to the phagosome in a much higher extent than DIM-deficient BCG::ESX-1 (Figure 4b ), suggesting that DIM exert a potentiating effect on EsxA activity.
To further explore this finding, we compared the ability of these DIM-proficient and DIM-deficient BCG::ESX-1 strains to induce phagosomal rupture in infected THP-1 cells. Flow-cytometric evaluation of the green-to-blue shifts showed that DIM-proficient BCG::
ESX-1 mutants induced stronger green-to-blue changes than DIMdeficient BCG::ESX-1 strains (Figure 5a-b) . Finally, we chose to examine BCG strains from other genetic backgrounds that were reported to be DIM-deficient (Chen, Islam, Ren, & Liu, 2007) . Indeed, previous analyses have shown that the BCG vaccine strains, BCG Moreau and BCG Japan were naturally deficient in DIM production due to deletions or mutations occurred in the genetic region encoding the enzymes for DIM synthesis (Chen et al., 2007; Gomes et al., 2011; Naka et al., 2011) . These two strains were complemented with the ESX-1 secretion system carried by the 2F9 cosmid (Table S1) 
| DIM contribute to the induction of apoptosis in human macrophages infected with Mtb
In a previous study, we obtained preliminary results which strongly suggested that DIM contribute to the induction of cell death in hMDMs infected with Mtb (Passemar et al., 2014) . Interestingly, several studies have indicated that induction of cell death is closely linked to phagosomal membrane destabilization (Simeone et al., 2012 , van der Wel et al., 2007 , Wong & Jacobs, 2011 . However, Apoptosis induction was reported to be restricted to ESX-1 proficient strains . In line with this finding, the naturally ESX-1-deficient BCG strains poorly induced apoptosis (Aporta et al., 2012) whereas complementation with ESX-1 allowed recombinant BCG::ESX-1 to acquire an apoptotic phenotype Figure S6 . Histograms represent the mean ± SEM of three independent experiments. The significance of difference between strains was evaluated; * p < .05. DIM = phthiocerol dimycocerosates; LUV = large unilamellar vesicles; EsxA = 6-kDa early secreted antigenic target . We decided to assess whether DIM also have an impact on EsxA-dependent apoptosis. We compared the capacity of DIM-proficient and DIM-deficient BCG Pasteur variants (WT and Δmas) and their recombinant ESX-1-expressing mutants to induce cell death in hMDMs. For this experiment, hMDMs were infected at an MOI of 30:1 for 2 hr and cell death was examined at 168-hr p.i. to get a detectable signal with BCG. As depicted in Figure 8 , complementation with ESX-1 restored the ability to induce apoptosis in both DIM-proficient and DIM-deficient BCG variants, although a quantitative difference could be noted (Figure 8 ). While the restoration of apoptosis induction in both ESX-1-proficient BCG variants is suggesting that DIM are not essential for this ESX-1-mediated activity, the induction of lower apoptosis by DIM-deficient BCG::ESX-1 (Figure 8) indicates that DIM may modulate the apoptotic activity of ESX-1.
| DISCUSSION
The identification of DIM as lipid virulence factors of Mtb dates back to the first systematic large-scale transposon screens in mice, named signature-tagged transposon mutation (STM) screens in mice (Camacho et al., 1999 , Cox et al., 1999 . In these independent studies, it was found that Mtb mutants that had transposon insertions in the gene cluster encoding the enzymes for the synthesis and transport of DIM, were unable to persist in vivo. The attenuated phenotype of DIM transposon or deletion mutants was confirmed in several follow-up studies, stating that DIM were essential for the survival of Mtb strains inside the host. It was evoked that DIM-deficient Mtb mutants are susceptible to being killed by an early innate immune response (Day et al., 2014) . In accordance with this proposal, we showed that the loss of DIM rendered Mtb mutants less able to arrest phagosome maturation, causing their accumulation in acidified phagosomes, a fact that contributed to bacterial killing (Passemar et al., 2014 showing that DIM increased the membranolytic activity of EsxA.
However, this potentiating effect of DIM on the EsxA activity was independent from their tendency to rigidify membranes and evokes an as yet unidentified collaborative mechanism in the crosstalk between EsxA and DIM. In that context, we found that the enhancing effect of DIM on EsxA activity is limited to membranes containing lipids from macrophages (THP-1-LUV and macrophages). This suggests that lipid components of the host cells may be selected candidates for a third partner in the interaction between EsxA and DIM at the membrane level. To date, no partner of EsxA has been described, with the exception of its putative chaperone CFP-10 and the EspACD cluster needed for co-dependent secretion (Gröschel et al., 2016) . However, host lipids are known to play a role in the recruitment of pore-forming proteins to the host membrane (for example, sphingomyelin for actinoporins or sterols for cholesterol-dependent cytolysins) (Dal Peraro & van der Goot, 2016) .
Altogether, these findings open new perspectives for the study of the interaction of two unlinked virulence factors. Recently, Jamwal and colleagues reported that differences in EsxA secretion alone could not account for the observed differences in translocation competency of several Mtb strains (Jamwal et al., 2016) . The authors proposed that EsxA-mediated contributions to phagosomal escape of Mtb might be complemented by a mechanism involving the activation of host cytosolic phospholipase A2 (Jamwal et al., 2016) . Hence, it might be conceivable that the stimulating effect of DIM on the membranolytic activity of the bacterial factor, EsxA is extended to host cell effectors.
It has been proposed that the escape of Mtb from the phagosome to the cytosol is associated with the death of infected macrophages (Simeone et al., 2012; Simeone et al., 2015; van der Wel et al., 2007) . Consistently, we have reported that H37Rv, unlike DIM-deficient Mtb mutants, killed human macrophages (Passemar et al., 2014) . The cell death program of macrophages infected with
Mtb is the subject of intense investigation and debate. Here, we
show that necrosis is the main cell death type induced by Mtb.
However, we also observed a small proportion of an apoptotic cell death program that requires the secretion of EsxA and involves the presence of DIM at the bacterial surface. The apoptotic phenotype of Mtb is consistent with previous studies (Aporta et al., 2012; Schaible et al., 2003) . Although apoptosis seems to be an efficient way to control mycobacteria through antimicrobial effects, some authors suggest that this process promotes macrophage deactivation and consequent bacillus growth and dissemination of bacilli Davis & Ramakrishnan, 2009 ). On the contrary, other groups have suggested that virulent Mtb strains inhibit macrophage apoptosis and promote necrosis (Behar et al., 2011; Martin et al., 2012) . However, it was recently proposed that the apoptotic phenotype is a common feature of virulent Mtb strains (Aguilo, Alonso, et al., 2013) . Interestingly, this phenotype requires ESX-1 function (Aporta et al., 2012) . Moreover, data including ours, indicated that ESX-1-complemented BCG::ESX-1 acquired a proapoptotic phenotype in human macrophages in comparison with the parental strain BCG (Aguilo, Alonso, et al., 2013) . We now demonstrated that EsxA acts likely in collaboration with DIM to regulate the apoptotic response of Mtb. In general, the apoptosis is a process involving many complex signalling pathways and mediators. Previous studies have shown that Mtb infection induces ROS production and activates ER stress-mediated apoptosis (Lim et al., 2011) .
More recently, the pro-apoptotic member of the Bcl-2 family, the BH3-only protein Bim was proposed to be involved in the apoptosis induced by virulent Mtb, in a manner that likely involves the ESX-1 secretion system (Aguilo, Uranga, Marinova, Martin, & Pardo, 2014) .
In the present work, we show that the apoptosis induced by H37Rv is abolished in the presence of inhibitors of caspase-9 and caspase-3, suggesting that the capsase-9 dependent formation of an apoptosome structure and the activation of the executioner caspase-3 are required. Based on these sets of data, we proposed that Mtb can activate the canonical intrinsic apoptotic pathway in a process that involves EsxA and DIM. In recent years, it has become widely accepted that translocated bacterial effectors can target specific points in apoptotic-related pathways (Robinson & Aw, 2016) .
Mtb produces several pro-apoptotic proteins such as EsxA, the 19 kDa lipoprotein (Ciaramella, Martino, Cicconi, Colizzi, & Fraziano, 2000) and HBHA (Choi et al., 2013) . This finding led us to speculate that Mtb can modulate on its own the apoptotic response by exploiting EsxA in combination with DIM to mediate perturbation and disruption of phagosomal membranes, and thus favor cytosolic access of Mtb apoptotic factors. This suggests that phagosome permeabilization alone might be enough on its own to induce an apoptotic response and that the impact of DIM and EsxA on apoptosis is simply a consequence of their capacity to induce phagosomal rupture.
Among the more than 130 mycobacterial species, only a few have been shown to be able to induce phagosomal rupture and establish contact with the cytosol of the host-phagocytes during infection.
This ability has so far only been reported from selected slow-growing, facultative, or obligate pathogens, such as Mycobacterium marinum (Houben et al., 2012; Simeone et al., 2012; Stamm et al., 2003) ,
Mycobacterium kansasii (Wang et al., 2015) , Mycobacterium leprae (van der Wel et al., 2007) and Mtb Simeone et al., 2012; Simeone et al., 2015; van der Wel et al., 2007) . All these species harbour a gene cluster encoding an ESX-1 secretion system in their genomes.
In contrast, Mycobacterium smegmatis, which also harbours an ESX-1 encoding gene cluster, is not able to rupture the phagosome (Simeone et al., 2012) , and the reasons for this inability remain unknown. One possible explanation that was evoked could be the sequence differences in the EsxA amino-acid sequence which differs from EsxA homologues from slow growing mycobacterial species, particularly in the C-terminal part which is essential for the biological function of EsxA of Mtb (Kupz et al., 2016; Simeone et al., 2012) .
A second possibility could be the absence of the espACD gene cluster from M. smegmatis and other fast-growing non-pathogenic mycobacterial species, which in Mtb encodes the EspA and EspC proteins that are essential for proper EsxA/B secretion (Fortune et al., 2005; MacGurn, Raghavan, Stanley, & Cox, 2005; Lou, Rybniker, Sala, & Cole, 2017) . The espACD cluster has been suggested to represent a pathogenicity-associated genomic island as it is present only in a restricted number of slow-growing mycobacterial species at different, non-syntenic genomic regions (Ates & Brosch, 2017; Simeone et al., 2012) . Until now, all mycobacterial species shown to induce phagosomal rupture in host-phagocytes contained an espACD locus suggesting that the occurrence of these genes may account for the capacity to escape phagosome and induce apoptosis.
However, a third possibility, which emerges from the results of our present study, is that DIM are also crucial for this key step of the Mtb infectious process. In contrast to the impression one can get from a scheme suggesting that DIM (defined as phthiocerol dimycocerosates) are also present in fast-growing nonpathogenic mycobacteria (Veyrier, Dufort, & Behr, 2011) , the ability to synthesize DIM is restricted to a few pathogenic mycobacterial species (Brennan & Nikaido, 1995; Onwueme et al., 2005) , which harbour a genomic locus containing the ppsABCDE, mas and mmpL7
genes. Interestingly, most of these species also harbour the espACD operon and show the ability to rupture the phagosomes of host cells during infection (Ates & Brosch, 2017 were disrupted by nitrogen cavitation and whole cell membranes were isolated by centrifugation. Subsequently, the THP-1 lipids were extracted from these membranes by the Bligh-Dyer method (Bligh & Dyer, 1959) . Other lipids, POPC (850457), cholesterol (700000), sphingomyelin (860061), and GM1 ganglioside (brain, 860065), were purchased from Avanti Polar Lipids (Alabaster, AL, USA). C-Laurdan has been synthesized and characterized as described in (Mazeres, Joly, Lopez, & Tardin, 2014) . Except when specified in the text, other chemicals were purchased from Sigma Chemical. 4.3 | Generation of recombinant strain (Table S1) 4.3.1 | Construction of complementation plasmids
To construct pMAS3, a DNA region covering the mas gene plus 274 BP of the sequence upstream of the start codon was polymerase chain reaction (PCR)-amplified from M. bovis BCG genomic DNA and inserted between the XbaI and HindIII restriction sites of pMV361H, a pMV361 derivative harboring a hygromycin resistance gene (Stover et al., 1991) . Complementation plasmid pMVesxBA was constructed by amplifying esxB and esxA from the pRD1-2F9 cosmid (Pym et al., 2002) . The PCR product was cloned into a modified pMV361 integrative plasmid containing the pblaF* promoter instead of the original phsp60 promoter and carrying a hygromycin resistance marker.
| Construction of recombinant M. bovis BCG and Mtb strains
The mas M. bovis BCG mutant was constructed by phage-mediated allelic exchange using the strategy described by Bardarov et al. (Bardarov et al., 2002 ). An internal DNA fragment of the mas gene (nt 345-5284) was amplified by PCR from M. bovis BCG genomic DNA and inserted within the vector pGEM-T. A kanamycin resistance cassette flanked by two res sites from transposon (Malaga, Perez, & Guilhot, 2003) was inserted between the HindIII and EcoRI sites of the mas gene fragment and the recombination substrate was cloned into the cosmid vector pYUB854 (Bardarov et al., 2002) . The resulting cosmid was cut with PacI and ligated with the mycobacteriophage phAE87 to form the recombinant mycobacteriophage phMas. Phage particles were then used to infect M. bovis BCG and allelic exchange mutants were selected on 7H11 agar plates supplemented with kanamycin. Mutant clones were screened by PCR analyses. One clone giving an amplification pattern corresponding to allelic exchange was selected and subsequently transformed with the thermosensitive plasmid pWM19 to recover the kanamycin resistance marker by sitespecific recombination between the two res sites as described (Malaga et al., 2003) . One clone giving the corresponding pattern for excision of the kanamycin resistance cassette was selected and named BCGΔmas.
The unmarked mas mutant of Mtb was generated following the same procedure as described for the construction of the M. bovis
BCGΔmas mutant. The esxA mutant of Mtb (H37RvΔesxA) was constructed using the mycobacterial recombineering system (van Kessel & Hatfull, 2007) . 1-kb DNA fragments flanking the esxA gene were amplified by PCR from Mtb genomic DNA and inserted, flanking a res-km-res resistance cassette into the plasmid pBluescript. The recombination substrate was digested, purified and introduced by electroporation in Mtb competent cells carrying pJV53H, an hygromycin resistant pJV53 derivative plasmid expressing the recombineering proteins (Jamet et al., 2015 , van Kessel & Hatfull, 2007 . Transformants were selected on 7H11 containing kanamycin at 37°C and selected colonies were analyzed by PCR to check for the replacement of the WT copy of esxA by the mutated esxA::km allele. One mutant with the correct deletion was selected and the recombineering plasmid pJV53H was cured from the mutant by successive growth in drug-free media. Loss of plasmid was checked by plating bacteria on hygromycin-containing solid medium. The kanamycin resistance cassette was recovered as described for the BCGΔmas mutant using plasmid pWM19. One clone giving the expected pattern for excision of the res-km-res cassette in esxA was selected and named H37RvΔesxA.
The strain mutant Mtb H37RvΔppsE,Δpks2 is a derivative from H37Rv Pasteur with mutations in genes pks2 and ppsE preventing the formation of SL and DIM, respectively (Passemar et al., 2014) . 
| Cell culture and infection
The human pro-monocytic cell line THP-1 was maintained in RPMI in 5% CO2. The culture medium was renewed on the third day. Before use, the cells were washed twice with fresh RPMI medium.
Mycobacterial infection was performed as described (AstarieDequeker et al., 2009 , Tabouret et al., 2010 . In brief, exponentiallygrowing mycobacteria were pelleted by centrifugation and subsequently dispersed in serum-free RPMI 1640 medium using glass beads. The number of bacteria per ml in the suspension was estimated by measurement of the optical density at 600 nm. Human macrophages were infected for 1-2 hr at the indicated MOI in serum-free RPMI medium at 37°C in 5% CO 2 . Extracellular bacteria were then removed by three successive washes with fresh medium and infected cells were further incubated in RPMI 1640 medium supplemented with heat-inactivated serum at 37°C in 5% CO 2 .
| Immunofluorescence staining of phagosomal membrane damage
Induction of phagosomal membrane damage was assessed as described (Wong & Jacobs, 2011) using monoclonal antibodies against
Galectin-3 and ubiquitinated proteins. Galectin-3 is a marker of damaged endo-membranes ) that labels in particular damaged vacuolar membranes . FK2 antibody labels mono-and poly-ubiquitinated proteins. Previous electron microscopy studies indicated that although ubiquitin can localize directly with Mtb, the majority of ubiquitin is found on membranous structures surrounding bacteria-containing phagosomes (Houben et al., 2012) . 
| Phagosomal rupture assay
The phagosomal rupture was measured in mycobacteria-infected THP-1 cells, as described . Briefly, cells were stained during 1 hr at RT, with 8 μM CCF-4 (Invitrogen) in EM buffer (120 mM NaCl, 7 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2, 5 mM glucose and 25 mM Hepes, pH 7.3) complemented with 2.5 μM probenecid. Cells were then stained with anti-CD11b-APC mAbs and fixed with 4% (v/v) paraformalhehyde overnight at 4°C. Cells were analysed in a Fortessa cytometer using Diva software (Beckman Coulter, France). At least 100,000 events per sample were acquired.
Data were analyzed with FlowJo software (Treestar, OR, USA).
| Cell death assays
The lysis of hMDMs during the course of infection was evaluated by counting the number of remaining nuclei using the DAPI staining Cell death was characterized by flow cytometry as described in (Aporta et al., 2012) . Briefly, phosphatidylserine (PS) exposure and membrane integrity were analysed using Annexin V-APC and 7-aminoactinomycinD (7-AAD) double staining and flow cytometry according to manufacturer instructions. Briefly, cells in the supernatant and adherent cells recovered by trypsin treatment, were pooled, washed and incubated with Annexin V-APC and 7-AAD in Annexin binding buffer (BD Biosciences) for 15 min at room temperature.
Afterwards cells were washed, fixed with 4% paraformaldehyde (containing CaCl 2 ) and subsequently examined using a BD fluorescence-activated cell sorting LSR-II (BD Biosciences). Data were analyzed using a Flowjo software (TreeStar, Ashland, OR, USA).
| Liposome preparation
To prepare liposomes of well-defined composition, without DIM or containing 10% (mol/mol) of DIM, appropriate quantities of stock solutions of lipids in chloroform were mixed in a glass tube. For the DIM-containing THP-1 LUV, the molar concentration of DIM was estimated to be 5%-10% (mol/mol) based on the measured mass of the THP-1 lipid extract and on a published lipid composition of human alveolar macrophages (Sahu & Lynn, 1977) . formed by extrusion through a polycarbonate membrane of ϕ0.2 μm pore size, using a Mini Extruder (Avanti Polar Lipids). Unencapsulated calcein was removed by size exclusion chromatography using a Sephadex G-75 column and a Tris elution buffer (10 mM Tris, 100 mM NaCl, 0.1 mM EDTA, pH 7.4). After LUV formation, the size of the liposomes was verified by Nanoparticle Tracking Analysis (NanoSight Ltd, UK). The concentration of phospholipids was measured using a standard phosphorus analysis (Rouser, Fkeischer, & Yamamoto, 1970) .
| Calcein leakage assays
The membranolytic activity of EsxA was evaluated using a calcein leakage assay. Encapsulated calcein has a high concentration of 50 mM. At this concentration the calcein fluorescence is weak due to auto-quenching. When calcein is released due to the activity of EsxA, the measured fluorescence intensity increases. The fluorescence increase as a function of time reflects the activity of the protein.
Calcein fluorescence was measured on an FLSP920 spectrometer (Edinburgh Instruments) using an excitation wavelength of 491 nm (excitation slit 1 nm) and an emission wavelength of 517 nm (emission slit 1 nm). Measurements were done at room temperature on a 10-μM liposome suspension in a 100-μL quartz cuvette. At the start of each measurement, the initial fluorescence intensity was measured. The cuvette was then removed from the spectrometer to allow addition of EsxA (final concentration 10 μM) and mixing. This resulted in a The characterization of membrane fluidity using the fluorescence of C-Laurdan and the generalized polarization is discussed more completely in the Supporting Information.
| STATISTICS
Results are expressed as mean ± standard error of the mean (SEM) of the indicated number of experiments (n) performed at least in duplicate. Data were analyzed by two-tailed paired or unpaired Student's t tests using GraphPad PRISM (GraphPad Software, GPW5-078069-NBH-9780) and p < .05 was used as the limit of statistical significance. 
